Background: Cytokinesis in bacteria is mediated by a cytokinetic ring, termed the Z ring, which forms a scaffold for recruitment of other cell-division proteins. The Z ring is composed of FtsZ filaments, but their organization in the Z ring is poorly understood. In Escherichia coli, the Min system contributes to the spatial regulation of cytokinesis by preventing the assembly of the Z ring away from midcell. The effector of the Min system, MinC, inhibits Z ring assembly by a mechanism that is not clear. Results: Here, we report that MinC controls the scaffolding function of FtsZ by antagonizing the mechanical integrity of FtsZ structures. Specifically, MinC antagonizes the ability of FtsZ filaments to be in a solid-like gel state. MinC is a modular protein whose two domains (MinC C and MinC N ) synergize to inhibit FtsZ function. MinC C interacts directly with FtsZ polymers to target MinC to Z rings. MinC C also prevents lateral interactions between FtsZ filaments, an activity that seems to be unique among cytoskeletal proteins. Because MinC C is inhibitory in vivo, it suggests that lateral interactions between FtsZ filaments are important for the structural integrity of the Z ring. MinC N contributes to MinC activity by weakening the longitudinal bonds between FtsZ molecules in a filament leading to a loss of polymer rigidity and consequent polymer shortening. On the basis of our results, we develop the first computational model of the Z ring and study the effects of MinC. Conclusions: Control over the scaffolding activity of FtsZ probably represents a universal regulatory mechanism of bacterial cytokinesis.
Introduction
The main component of the cytokinetic apparatus in bacteriathe Z ring-is spatially regulated such that its assembly occurs exclusively at midcell [1, 2] . The Z ring consists of FtsZ polymers attached to the membrane through membraneassociated proteins ZipA and FtsA [1] . The remaining proteins required for cytokinesis are recruited to the Z ring to form a complete cytokinetic apparatus, the septal ring, capable of carrying out cytokinesis. Their presence at the division site depends on the integrity of the Z ring [3] . FtsZ polymers are believed to provide mechanical coherence to the Z ring by functioning as a scaffold that organizes and maintains all cell-division proteins. This scaffolding function of FtsZ in cell division is reinforced by recent studies, which found that FtsZ proteins from phylogenetically diverse bacteria can function in E. coli provided they are tethered to the membrane through interaction with FtsA and ZipA [4] . How FtsZ filaments cohere to carry out this function is unclear.
The FtsZ molecule appears to have at least four reactive sites through which it can bind to other FtsZ molecules, i.e., FtsZ, appears to be polyvalent. Two sites, one at each end of the monomer, are involved in GTP-dependent longitudinal interactions that lead to the formation of enzymatically active linear filaments that hydrolyze GTP [5] . Two additional sites are involved in lateral interactions between subunits in separate filaments. These interactions lead to the formation of filament bundles and an interconnected polymer network. FtsZ structures composed of such a network feature an elastic modulus; i.e., these FtsZ structures are in a gel state and are measurably stiff and solid like [6] . Lateral interactions between FtsZ filaments are widely hypothesized to be important for the structure of the Z ring [1, 4, 7] , but no evidence exists in support of this hypothesis. The polyvalence of FtsZ seems to be a universally conserved character because bundles are observed in assembly reactions of FtsZ molecules from phylogenetically divergent species (see electron micrographs in [8] [9] [10] ).
The Min system spatially regulates cytokinesis by inhibiting Z ring assembly near the cell poles. The effector of this system is MinC, which is recruited to the membrane by MinD and induced to oscillate by MinE [11] [12] [13] [14] [15] [16] . Through this oscillation, the time-averaged concentration of MinC is highest at the poles and lowest at midcell.
The molecular mechanism by which MinC antagonizes Z rings is unknown. A MalE-MinC fusion inhibits FtsZ assembly, as assayed by sedimentation, but has no effect on the GTPase activity of FtsZ [17] . Because the GTPase activity is linked to FtsZ assembly [18, 19] , MinC must act after assembly and thereby possibly destabilize FtsZ polymers [17, 20] .
MinC is a modular molecule with two structurally and functionally distinct domains: an N-terminal domain (MinC N ) and a C-terminal domain (MinC C ) [21, 22] . MalE-MinC N , like the full-length MinC, prevents sedimentation of FtsZ [21] . In contrast, MalE-MinC C has no effect on sedimentation, although it has inhibitory activity in vivo [21, 23] . MinC is a potent inhibitor of Z rings in vivo because of its efficient targeting to the membrane and subsequently to the cytokinetic ring [24, 25] . This targeting to the cytokinetic ring requires MinC C and MinD; however, the binding partner of the MinD-MinC C complex in the cytokinetic ring is unknown.
The present model for the mechanism of Min inhibition suggests that the MinC C -MinD complex is targeted to the cytokinetic ring, bringing MinC N in close proximity to the Z ring [26] .
Results

GTPase Activity of FtsZ Is Necessary for Sensitivity to MinC
To examine the role of the GTPase activity of FtsZ in the regulation by MinC, we compared the effect of MalE-MinC on the sedimentation of FtsZ polymers formed in the presence and absence of GTP hydrolysis. FtsZ was polymerized with GTP, GMPCPP, a nonhydrolysable analog of GTP, or with GDP and AlF 4 , a mixture that structurally mimics GTP and promotes polymerization. As shown previously, a 1:1 molar ratio of MalEMinC prevented the pelleting of FtsZ assembled in the presence of GTP ( Figure 1A, lanes 1-3) . In contrast, MalE-MinC did not prevent the sedimentation of FtsZ assembled in the presence of GMPCPP or GDP and AlF 4 ( Figure 1A , lanes 6 and 9, respectively). Electron microscopy confirmed that the products of the reactions with GMPCPP and GDP and AlF 4 were FtsZ polymers ( Figure 1B , the results with GMPCPP are depicted; similar results were obtained with GDP and AlF 4 ). These results argue that the GTPase activity of FtsZ is required for the inhibitory activity of MalE-MinC and imply that dynamic polymers are required for MinC to exert its effect.
MalE-MinC appeared in the pellet in reactions containing GMPCPP or GDP and AlF 4 to a greater extent than in reactions with GTP. This result indicates MalE-MinC adhered to FtsZ polymers. Thus, the failure of MalE-MinC to inhibit the sedimentation of FtsZ polymers assembled in the presence of nonhydolyzable analogs of GTP is unlikely to be due to a failure of MalE-MinC to interact with the FtsZ polymers.
Direct Binding of MalE-MinC C to FtsZ Polymers MalE-MinC C does have inhibitory activity in vivo in the presence of MinD, but less than the full-length protein ( Figure S1 available online). To test for direct interaction between MinC C and FtsZ, we also performed the above described sedimentation experiments with MalE-MinC C . MalE-MinC C was also enriched in pellets containing FtsZ polymers (Figure 2A ). The effect was specific to MinC C because MalE was not enriched in pellets containing FtsZ (data not shown, see also [17] ).
To confirm that MinC C interacted with polymerized FtsZ, we complemented the high-speed sedimentation experiments with a low-speed phospholipid sedimentation assay developed previously for assessing MinD binding to membranes [27, 28] . We wished to determine whether MinC and/or MinC C could recruit FtsZ polymers to vesicles containing bound MinD. MinD binds to giant vesicles in the presence of ATP, and these complexes can be sedimented in a tabletop centrifuge. If MalE-MinC or MalE-MinC C is added to the reactions, they are recruited to the vesicles by interaction with MinD [27, 29, 30] .
When FtsZ was polymerized with GMPCPP and included in reactions with the phospholipid vesicles, MinD and ATP, FtsZ polymers did not sediment ( Figure 2B , lanes 1 and 2) with MinD and the vesicles. This result confirmed that the g forces used here were insufficient to sediment FtsZ polymers and that FtsZ polymers did not interact with MinD-phospholipid vesicle complexes. In contrast, FtsZ polymerized with GMPPCP was pelleted if either MalE-MinC C or MalE-MinC were included in the reaction ( Figure 2B , lanes 5-8). FtsZ did not sediment if GDP was added ( Figure 2B , lane 3 and 4). Such a result indicates that it was polymerized FtsZ that adhered to the vesicles. The amount of FtsZ that sedimented with full-length MalEMinC was not significantly different from the amount that sedimented with MalE-MinC C , suggesting that the binding observed with the full-length protein can be accounted for by the affinity of polymerized FtsZ for MalE-MinC C. If we used GTP instead of GMPCPP, we did not observe FtsZ in the pellet, indicating that stabilized polymers were required.
To interrogate the structure of sedimenting complexes, we examined the products of the above reactions by EM. When FtsZ, GMPCPP, MalE-MinC C , MinD, ATP, and phospholipids were present in the reactions, vesicles with tubular protrusions were observed ( Figure 2C ). Both the bodies of the vesicles and the tubular protrusions were coated with polymers, which extended longitudinally along the surface of the protrusions. The spacing between the filaments on these protrusions was irregular-in contrast to the highly regular spacing of FtsZ filaments in bundles. This suggests that the polymers were not organized on the surface on the vesicle because of bundling but rather became aligned after binding to the vesicles. At higher magnifications, the polymers coating the phospholipid vesicle were seen to run off the vesicle and interconnect with the polymer network on the remaining area of the grid ( Figure 2D ). If MalE-MinC C was omitted from the reactions, the observed vesicles did not contain protrusions, and the vesicles were not decorated with polymers ( Figure 2E ). Note that it was previously shown that MinD alone can tubulate vesicles, but this requires a higher molar ratio of MinD to phospholipid, and the tubulated vesicles have a much different appearance [31] . Also, longitudinal polymers coating the vesicles are not observed when MinD alone is added to phospholipids [31] .
The experiments presented here demonstrate that MinC C interacts directly with FtsZ polymers. This result suggests that FtsZ polymers are the binding partner for MinC C and MinD in the Z ring and that the targeting of MinC to incipient Z rings is mediated through a direct interaction between MinC and FtsZ.
MinC and MinC C Cause a Concentration-Dependent Decrease in the Elasticity of FtsZ Gels Although MalE-MinC prevents the pelleting of FtsZ polymers in the sedimentation assay, it does not inhibit the GTPase activity, suggesting it acts after FtsZ polymerizes. Pelleting efficiency is a function of the mass of macromolecular complexes as well as their mechanical stability, i.e., their ability to resist shear that arises from velocity gradients during centrifugation [32] . It is therefore possible that MinC reduces the size or the mechanical stability of FtsZ polymers. Indeed, in a newly developed FRET assay for polymerization of FtsZ, which does not involve mechanical perturbations [33] , MinC does not affect the amount of FtsZ that is in the polymers (see Supplemental Results and Figure S2 ).
One known in vivo function of FtsZ is the structural maintenance of the cytokinetic ring. This scaffolding function requires that 3D structures formed by FtsZ have sufficient stiffness and mechanical stability to maintain the coherence of the cytokinetic apparatus from the time of the formation of the Z ring through cell separation. Because MinC did not block FtsZ polymerization, it may antagonize this scaffolding function of FtsZ.
To quantify the stiffness of FtsZ networks and to assess the effects of MinC, we used quantitative rheometry to measure the elastic modulus of FtsZ networks (see Experimental Procedures). The elastic modulus quantifies the propensity of polymer networks to rebound after deformations, i.e., it measures their stiffness.
Addition of GTP to solutions of FtsZ (1 mg/ml) led to a rapid onset of elasticity ( Figure 3A) , reaching a plateau in 3-5 min, as described previously [6] . Various amounts of MalE-MinC were added to FtsZ networks that had attained a steady-state level of elasticity, and the elastic modulus was measured as (A) Reactions were incubated with GDP (lanes 1, 3, and 5) or GMPCPP (lanes 2, 4, and 6). FtsZ (5 mM) was added to reactions in lanes 1, 2, 5, and 6. MalE-MinC C (5 mM) was added to the reactions in lanes 3-6. After centrifugation, the pellets were analyzed by SDS-PAGE. (B) Sedimentation assay for the recruitment of FtsZ polymers to MalE-MinC C /MalE-MinC bound to vesicle-associated MinD. MinD (6 mM) and phospholipids (400 mg/mL) were incubated either with ADP (1 mM) or ATP (1 mM). FtsZ was included in the reactions, and either GDP or GMPCPP was added. MalE-MinC was added to lanes 7 and 8. MalE-MinC C was added to lanes 3-6. The reactions were incubated at room temperature for 5 min and centrifuged at 10,000 g for 2 min. The pellets were solubilized and analyzed by SDS-PAGE. a function of time. Addition of MalEMinC led to a decrease in elasticity, i.e., FtsZ networks became less stiff ( Figure 3A ). This decrease in stiffness of FtsZ networks depended on the concentration of MalE-MinC ( Figure 3B ). When MalE-MinC was present in 2-fold excess over FtsZ, the elastic modulus decreased rapidly and became vanishingly low ( Figures 3A and 3B) , reaching values obtained for buffer alone. This result indicates that an excess of MinC completely eliminated the stiffness of the FtsZ network, i.e., MalE-MinC liquefied FtsZ structures. This effect on elasticity was specific to MinC because MalE had no detectable effect when added to the reactions ( Figure 3F ).
Because MalE-MinC prevents the sedimentation of FtsZ without inhibiting polymerization, we hypothesized that mechanical perturbations, such as shear forces generated during centrifugation [32] , could enhance the inhibitory effects of MinC. To test this hypothesis, we assembled FtsZ networks by addition of GTP. After steady-state elasticity was reached, we added MalE-MinC. The networks were then immediately subjected to a cycle of large shear deformations (see Experimental Procedures), and the elasticity was measured as a function of time. A pure FtsZ network lost all of its stiffness after large deformations, but it recovered very rapidly ( Figure 3C ). When MalE-MinC was present, large shear deformations caused a loss of stiffness that did not recover on the time scale of the experiment ( Figure 3C ). This result suggests that mechanical perturbations can greatly enhance the inhibitory effects of MalE-MinC.
Next, we tested the effects of MalE-MinC C on the elasticity of FtsZ structures. MalE-MinC C also led to a concentrationdependent decrease in the stiffness of FtsZ networks ( Figures  3D and 3E ), but the effect was somewhat smaller than with MalE-MinC. To test the specificity of these effects, we used the MalE-MinC C -R172A mutant protein, which abolishes the targeting of MinC C to the Z ring and impairs its ability to inhibit Z ring formation [23, 29] . MalE-MinC C -R172A had no detectable effect on the elasticity of FtsZ networks, further indicating that the effects observed by rheometry were specific ( Figure 3F) .
The rheometry studies show that both MinC and MinC C diminish the stiffness of FtsZ structures. Furthermore, mechanical perturbations greatly accelerate the inhibitory effects of MalE-MinC.
Ultrastructure of FtsZ Polymer Networks in the Presence of MinC and MinC C Our results indicated that MinC did not affect the amount of polymerized FtsZ, although it did affect the elasticity of the network formed by FtsZ. To establish the structural basis for the effects of MalE-MinC and MalE-MinC C on FtsZ, we used EM. Under standard buffer conditions, FtsZ formed interconnected polymer networks ( Figure 4A ). These networks consisted of filaments, bundles of filaments, and branching bundles ( Figure 4A , inset) with interconnections between polymer species. The spacing of filaments in bundles was highly regular.
Addition of equimolar amounts of MalE-MinC C to the polymerization reactions led to a dramatic alteration of the polymer network. There was a decrease in the number of interpolymer contacts ( Figure 4B ). The polymers were long and had multiple points of entanglement ( Figure 4B , inset), but lateral interactions between polymers were predominantly absent. To quantify the presence of bundles in a network, we measured the thickness of polymer species found in random sectors of electron micrographs containing pure FtsZ networks and FtsZ networks formed in the presence of equimolar amounts of MalE-MinC C . Pure FtsZ networks were composed of polymer species with a wide distribution of widths that result from the presence of bundles containing various numbers of filaments ( Figure 4D ). On the other hand, polymer species formed with equimolar amounts of MalE-MinC C had a narrow distribution of widths ( Figure 4D ), indicating that MinC C antagonized the bundling of FtsZ filaments. The mean width of polymer species present in pure FtsZ networks was significantly greater (p < 0.00001) than the mean width of FtsZ networks formed with equimolar amounts of MalE-MinC C ( Figure 4G ). The mean width of polymer species formed in the presence of MalE-MinC C is consistent with a pair of filaments or with a filament coated with MalE-MinC C .
We next tested the effects of full-length MalE-MinC on FtsZ polymer networks. We wanted to determine what effect full-length MinC had that was responsible for inhibiting FtsZ sedimentation. Any activity in addition to the debundling activity associated with MinC C would be attributable to MinC N . As expected, FtsZ polymers formed in the presence of equimolar amounts of MalE-MinC showed a decreased width and a loss of interfilament contacts ( Figure 4C ). In addition, these polymers were shorter and had an increasingly curved appearance. We analyzed images of FtsZ polymers formed in the presence of MalE-MinC to assess their persistence length. The persistence length is the length scale over which a polymer maintains its straight shape; it is proportional to polymer rigidity. FtsZ polymers formed in the presence of equimolar amounts of MalE-MinC showed significant differences (p < 0.00001) in persistence lengths in comparison to pure FtsZ. Although pure FtsZ polymers had a mean persistence length of 180 nm, FtsZ polymer species formed in the presence of equimolar amounts of MalE-MinC had a mean persistence length of 80 nm ( Figure 4E ). FtsZ polymer species formed in the presence of equimolar amount of MalE-MinC C had a mean persistence length of 160 nm ( Figure 4E) .
The observed decrease in the persistence length of FtsZ polymers formed in the presence of MalE-MinC indicates that MalE- MinC decreases the rigidity of the filaments. This suggests that MinC strains the longitudinal bond formed between FtsZ subunits. To assess whether this effect leads to filament fragility and breakage, we analyzed polymer-length distribution of FtsZ polymers formed in the presence and absence of equimolar amounts of MalE-MinC ( Figure 4F ). FtsZ polymers formed in the presence of MalE-MinC were significantly shorter (p < 0.00001) than pure FtsZ polymers ( Figure 4H ). The mean polymer length was 2-fold lower (Figure 4H) . Note that even in the presence of MalE-MinC, polymers are sufficiently long that they would be expected to be sedimented by centrifugation. The fact that the polymers are not sedimented at these concentrations of FtsZ and MalE-MinC is consistent with MinC rendering FtsZ polymers more fragile and susceptible to breakage because of mechanical stresses that arise during centrifugation.
The above ultrastructural studies suggest the basis for the inhibitory activities of MinC C and MinC. MalE-MinC C does not depolymerize FtsZ polymers but rather debundles them, an activity not displayed by any microtubule or actin-binding proteins. In addition, full-length MinC, because of the presence of MinC N , decreases the rigidity of FtsZ polymers and makes them easier to break under mechanical stress.
ZapA Reverses the Inhibitory Effects of MinC and MinC C
If the activity of MinC, in part, involves the reduction of lateral interactions between FtsZ filaments, then factors that promote FtsZ-filament bundling might be expected to antagonize this activity. One protein known to promote the bundling of FtsZ filaments is ZapA [7] . We first used the sedimentation assay to study the effect of ZapA on the assembly of FtsZ in the presence of MalE-MinC. Addition of equimolar amounts of hexahistidine-tagged ZapA (H6-ZapA) to polymerization reactions containing FtsZ and MalE-MinC (in a 1:1 molar ratio) restored the sedimentation of FtsZ ( Figure 5A ). This restoration of FtsZ sedimentation by H6-ZapA also resulted in a reduction in the amount of MalE-MinC in the pellet, suggesting ZapA and MinC might compete for binding to FtsZ.
Next, we tested whether H6-ZapA could reverse the softening of FtsZ structures observed in the presence of equimolar amounts of MalE-MinC or MalE-MinC C . Inclusion of equimolar amounts of H6-ZapA in the polymerization reactions with MalE-MinC or MalE-MinC C restored the elasticity of FtsZ networks ( Figure 5B) . Interestingly, the steady-state elastic modulus of FtsZ networks polymerized in the presence of equimolar amounts of H6-ZapA and MalE-MinC or MalEMinC C had approximately the same magnitude as the elastic modulus of pure FtsZ networks, whereas the elastic modulus of FtsZ/H6-ZapA networks had a much higher magnitude ( Figure 5B ). This indicates that ZapA and MinC have opposing activities on the stiffness of FtsZ structures.
We complemented the centrifugation and rheometry studies with EM ( Figures  5E-5G ). FtsZ polymer networks formed in the presence of equimolar amounts of H6-ZapA showed extensive bundling, and single filaments were seldom detected ( Figure 5E ). FtsZ networks produced in the presence of equimolar amounts of MalE-MinC and H6-ZapA had an indistinguishable network structure ( Figure 5F ). The polymers were long, and significant interfilament interactions were readily observed. Addition of equimolar amounts of H6-ZapA to FtsZ-filament networks formed in the presence of equimolar amounts of MalE-MinC C likewise led to a reconstitution of interfilament interactions, and bundles of polymers were readily observed ( Figure 5G ). Quantification of polymer widths showed that FtsZ polymer species formed in the presence of H6-ZapA alone, with H6-ZapA and MalE-MinC, or ZapA and MalE-MinC C, did not vary significantly in mean thickness ( Figures 5C and 5D) .
These results suggest that MinC and ZapA have antagonistic activities on the scaffolding activity of FtsZ.
A Model of the Z Ring and the Activity of MinC
To test the idea that the interactions outlined above are sufficient to account for the observed behavior, we constructed a computational model for FtsZ structures and examined the effects of MinC. We asked: (1) What structures emerge spontaneously from the simple network of longitudinal and lateral interactions between FtsZ molecules outlined above? (2) In what regions of parameter space do these structures correspond to the structures observed experimentally? (3) What is the effect of MinC on these structures?
Because FtsZ self-assembly in the cell and the activity of MinC occur on the 2D surface of the cytoplasmic membrane, we used an Ising-like 2D lattice model. Each lattice box was defined to be 5 nm in size. It could be occupied by an FtsZ molecule or a MinC molecule, or it could be empty ( Figure 6A ). FtsZ molecules were treated as having the potential to interact with one another longitudinally, with energy 3 ZjZ , and laterally, with energy 3 Z-Z. MinC was allowed to bind to FtsZ molecules with the energy 3 Z-C . When MinC was bound to an FtsZ molecule, this FtsZ molecule was prevented from interacting with other FtsZ molecules laterally. Furthermore, when MinC was bound to FtsZ, the energy of longitudinal interaction between FtsZ molecules (3 ZjZ ) was decreased to a new value (3 ZjZC ).
We computed the energy evolution of the system by performing equilibrium Monte Carlo simulations with fixed ambient concentrations of FtsZ molecules. We were interested in finding interaction energies 3 ZjZ , 3 Z-Z , 3 Z-C , and 3 ZjZC that would give rise to structures in accordance with what we observed experimentally. First, we scanned parameter space to find the energies for longitudinal and lateral bonds between FtsZ molecules. We found good agreement with experimentally measured polymer lengths only when the longitudinal interactions between FtsZ molecules 3 ZjZ were w100 times stronger, on a per-molecule basis, than the lateral-interaction energy 3 Z-Z. In particular, we found a good fit with experimental data ( Figure S3 ) when the longitudinal-interaction energy was w5.4 kcal/mol and the (1) represents a high-energy state. As the energy decreases, the system passes through states of increasing connectivity (2-5) until it reaches equilibrium as a contiguous ring (6) . (E) Diagrammatic representation of the equilibria of FtsZ and the effects of MinC, contrasted with SulA. lateral-interaction energy was w0.06 kcal/mol (Table 1) . If the lateral-interaction energy was increased and the longitudinal-interaction energy kept constant, the polymer species were on average significantly shorter and more bundled at equilibrium than what we observed with EM for the same concentrations of FtsZ (data not shown).
Once we obtained reasonable values for the longitudinaland lateral-interaction energies, we wanted to examine the structures that could emerge spontaneously on a cylindrical geometry commensurate with the size of Z rings in vivo. We wanted to know whether the low-energy structures would be random or whether order would arise spontaneously. On a cylindrical lattice, the energy landscape is characterized by a low-energy state of high connectivity. Starting with a spatially random initial distribution of FtsZ molecules, contiguous rings develop as low-energy configurations of FtsZ molecules ( Figures 6B and 6D) .
We then proceeded to test the effects of MinC on FtsZ polymer-length distribution. Only when 3 ZjZC was 60%-65% of 3 ZjZ did the simulation yield a polymer-length distribution that was the same as those measured experimentally for the same concentration of FtsZ ( Figure 6C) . If the value of 3 ZjZC was changed significantly outside of this range, the computed polymerlength distribution did not compare favorably with experimentally measured values.
These results demonstrate that a simple network of interactions between FtsZ molecules can capture the behavior of FtsZ. They also show that FtsZ has a tendency to organize into ring structures when polymerized on a cylindrical surface commensurate with the size of the Z ring. Additionally, simple assumptions concerning the activity of MinC supported by our experiments are sufficient to reproduce the effects of MinC.
Discussion
In this study, we examined the effect of MinC on FtsZ assembly and found that it antagonizes FtsZ assembly at two levels subsequent to polymerization. It does this through two structurally and functionally distinct domains. MinC C has affinity for FtsZ filaments and prevents their lateral association. Furthermore, the presence of MinC N in full-length MinC lowers the rigidity of FtsZ filaments, making them more susceptible to breaking. The combination of these activities leads to a decrease in the stiffness of 3D structures formed by FtsZ and appears necessary for inhibition of Z ring assembly at physiological levels of Min proteins.
An enigma concerning MinC was that it inhibited the sedimentation of FtsZ without inhibiting the GTPase. Our results suggest that the reason for this apparent contradiction lies in the nature of the inhibitory activity of MinC; it reduces the rigidity of FtsZ polymers, making them easier to break. The standard sedimentation assay gives rise to velocity gradients generating shear forces [32] that presumably break FtsZ filaments modified by MinC. This in vitro activity of MinC is due to MinC N , which is also required for MinC to be an effective inhibitor in vivo.
Targeting MinC to the Z Ring
The inhibitory activity of MinC in vivo is enhanced in the presence of coactivators, MinD or DicB, which aid in targeting MinC to the cytokinetic ring [25] . This targeting requires MinC C and is abolished by the R172A mutation [29] . The MinC-MinD complex is restricted to the poles of the cell through the Min oscillation where it antagonizes nascent Z rings [14, 2] . The component of the Z rings required for targeting of the MinCMinD complex was not previously identified, although other early recruits to the Z ring (FtsA, ZipA, and ZapA) were ruled out [26] . Our results argue that this component is FtsZ because MalE-MinC C has affinity for FtsZ polymers and FtsZ polymers are recruited to vesicles coated with MalE-MinC C and MinD. The targeting of MinC C in vivo is not observed in the absence of MinD, indicating that MinD enhances this activity by concentrating MinC C on the membrane and/or further increasing its affinity for FtsZ.
Modeling the Z Ring and MinC
We studied a simple computational model of FtsZ assembly and investigated the effect of MinC. We started with the assumption that an FtsZ molecule can interact with other FtsZ molecules through longitudinal as well as lateral interactions-an assumption supported by the present results. The longitudinal interactions are well established, and support for the importance of lateral interactions is provided in this work. We find that the lateral interactions have to be 100 times weaker, on a per-molecule basis, than the longitudinal interactions to give rise to structures of FtsZ observed in vitro. Even with this weak lateral attraction on a per-molecule basis, significant lateral attraction arises at the level of FtsZ filaments to give rise to bundling, i.e., a polymer 100 subunits long would interact with another polymer of the same length with the same energy as with another monomeric subunit. For longer polymers, lateral interactions become even more favorable.
When the simple network of longitudinal and lateral interactions is implemented on a cylindrical lattice, commensurate with the size of the cell, it generates a ring structure as the lowest energy configuration.
The effects of MinC observed in vitro can be reproduced with assumptions that are supported in this study. The computational results show that a simple network of interactions with defined energies can capture the effect of MinC on FtsZ assembly.
Scaffolding Function of FtsZ and the Importance of Lateral Interactions
The function of the cytokinetic ring depends on its continued persistence as a coherent structure during the entire cytokinetic process. The scaffolding function of the Z ring demands that it possess sufficient mechanical strength to maintain all cell-division proteins at the division site. Our results suggest that spatial control of cell division by MinC is exerted over this character of FtsZ. MinC is a particularly potent inhibitor of FtsZ because it has two inhibitory domains (MinC C and MinC N ) that have synergistic functions. MinC C binds to FtsZ filaments and prevents them from interacting laterally and forming bundles and stiff networks ( Figures 3D and 4B) . The debundling activity of MinC C , seemingly unique among eukaryotic and prokaryotic cytoskeletal proteins, causes a decrease in the stiffness of 3D FtsZ structures, such as the Z ring. Importantly, MinC N has an affinity for FtsZ monomers, and in the context of full-length MinC, it causes FtsZ filaments to break more easily. The loss of interfilament interactions combined with filament shortening antagonize the mechanical integrity of FtsZ structures, which is essential for the scaffolding function of FtsZ in cell division.
Interestingly, the GTPase activity is required for the inhibition of FtsZ assembly by MinC. This further reinforces the necessity of the debundling activity of MinC C , because FtsZ in bundles has reduced GTPase activity as a result of a conformational change in the GTP moiety induced by lateral interactions between FtsZ filaments [34, 35] . Therefore, maximum MinC activity involves inhibition of lateral interactions between FtsZ filaments by MinC C , so they can hydrolyze GTP and thereby become sensitive to the activity of MinC N . This debundling function of MinC C exists in addition to its targeting function.
It is interesting to note the difference between prokaryotic FtsZ and eukaryotic actin and tubulin. Actin and tubulin form polymers (actin microfilaments and microtubles) that do not have significant self-interactions without accessory proteins. In contrast, FtsZ forms polymers that have significant interactions with one another without accessory proteins. However, both in prokaryotes and in eurkaryotes, interactions between cytoskeletal polymers are regulated by the cell. Lateral interactions between FtsZ filaments are significant not only because of their uniqueness among cytoskeletal proteins but also because their stabilization may represent one possible evolutionary trajectory from FtsZ to tubulin.
Our results suggest that lateral interactions between FtsZ filaments have a clear functional importance. In particular, the fact that MinC C inhibits lateral interactions in vitro and has inhibitory activity toward Z rings in vivo ( [23] , see also Supplemental Results), argues that lateral contacts between FtsZ filaments are important for the assembly of the Z ring and for its structural integrity. This is particularly significant because the considerable turnover of FtsZ subunits in the ring [36] poses a question regarding the nature of the coherence of the Z ring as a structure that persists through space and time. If we consider the fact that FtsZ filaments in the Z ring interact with one another at multiple points through lateral contacts, then the turnover of FtsZ subunits in the Z ring will not affect the integrity of the ring. This will be true provided that the number of lateral contacts is above a certain critical value and that there are multiple sites where subunits can be removed from the ring and added back. It will be interesting to determine the exact number of contacts that is necessary to maintain the integrity of the Z ring and the number of sites through which turnover can occur.
ZapA was isolated as a suppressor of elevated MinCD activity and is known to bundle FtsZ filaments [7] . Here, we found that ZapA suppressed the inhibitory activities of MinC in vitro, indicating that it could overcome both the debundling activity of the MinC C domain and the destabilizing effects of the MinC N domain. The structural basis of the latter activity of ZapA is not clear because ZapA has been shown so far to only promote lateral interactions between FtsZ filaments [7] .
In the aquatic bacterium Caulobacter crescentus, no Min system exists. Spatial regulation of the Z ring is effected through an unrelated protein termed MipZ [8] . MipZ seems to control the assembly of FtsZ in a mechanism similar to MinC. Examination of electron micrographs of Caulobacter crescentus FtsZ in the presence of MipZ reveals that FtsZ filaments have lost their lateral contacts and that they appear less rigid, i.e., more curved [8] . On the basis of these similarities, it is tempting to speculate that control of the rigidity of FtsZ filaments, as well as the control over the extent of lateral contacts between FtsZ filaments, represents a universally conserved mechanism for regulating cytokinesis in bacteria.
Supplemental Data
Additional Results, Experimental Procedures, and three figures are available at http://www.current-biology.com/cgi/content/full/18/4/235/DC1/.
